We use a drop-port geometry to characterize the intracavity waveform of an on-chip microcavity soliton. In contrast to the through-port output, the intracavity field shows efficient power transfer from the pump into the comb.
On-chip micro-comb generation allows soliton formation and coherent, low noise operation via a balance of anomalous cavity dispersion and nonlinearity [1] [2] [3] [4] [5] [6] [7] . However, in previous experiments, the comb is measured at the resonator through port, with a very strong overlapping pump line which must be attenuated prior to characterization. Therefore, the intracavity waveform is not fully characterized in the regime of single soliton operation, since the intracavity pump field is not determined. To provide further information on microcavity solitons, we perform measurements at the microresonator drop port, for which the strong overlapping pump is absent. Drop-port measurements have previously been applied for characterization of comb generation under normal dispersion [8, 9] , but have not been reported for anomalous dispersion combs with single soliton formation. Now both the efficiency of the intracavity power transfer and the CW background field can be identified. At the drop-port the power in the pump line is 11 dB stronger than the strongest adjacent comb lines, whereas the power difference observed at the through port is 39 dB. The intracavity field shows efficient (≈75%) power transfer from the pump to the comb, in strong contrast to the poor overall efficiency (<0.5%) observed at the through port. Time-domain characterization performed at the drop port confirms that the intracavity field is a single bright pulse close to the bandwidth-limit, with a weak CW background (≈5% compared to the soliton peak power) and a small but discernible phase shift.
In experiment, a silicon nitride ring resonator with 2 μm × 800 nm waveguide cross-section and 100 μm ring radius was fabricated. The measured dispersion parameter is 48 ps/nm/km with anomalous dispersion. The gaps between the ring resonator and the through-port and drop-port waveguides are 500 nm and 1000 nm, respectively. This asymmetric coupling with weaker drop-port coupling minimizes the impact of the drop port on the loaded quality (Q) factor. Figure 1 shows the through-and drop-port transmission spectra of a quasi-TE mode at ≈1551.25 nm. By fitting both the through-and drop-port spectra, the extracted coupling parameters at the bus (through) and drop waveguides are 4.6×10 -4 and 1.6×10 -5 (power per roundtrip), respectively, while the intrinsic loss is 1.7×10 -3 corresponding to intrinsic Q around 3 million. By red-detuning the pump into the cavity resonance, the comb spectrum first starts with multiple-FSR spacing and then yields a smooth spectrum with single FSR spacing. At this stage the comb exhibits large intensity noise. A single soliton is induced by a short transient drop in the pump power as described in Ref. [2, 5] , after which a smooth optical spectrum with a sech 2 shape and low intensity noise is observed, suggesting single-soliton formation.
To investigate the internal field for soliton formation, we measured the drop-port spectrum by moving the output lensed fiber to the drop port and keeping the input fiber fixed. Figures 2 show the optical spectra measured at both through and drop port with the same pumping condition and stable soliton formation. Several significant points can be identified. First, compared with the through-port data, the detected drop-port spectrum has a similar envelope but ≈15 dB weaker power. This difference agrees with the different coupling strengths at the through and drop ports. Second, since amplified spontaneous emission (ASE) noise between the resonances is filtered out at the drop port, the optical signal-to-noise ratio (OSNR) of the drop-port comb is improved compared to the through-port comb. This aids in measuring the time-domain waveform, given that the drop-port comb power is much lower than that at the through port. Third, the peak of the comb envelope is spectrally red-shifted from the pump due to the Raman induced soliton shift identified in [6, 7] . Last, as noted above, comparison of through-port and drop-port spectra shows that the intensity of the pump line is much closer to that of the adjacent comb lines at the drop port. This suggests that under soliton operation, most of the strong pump power at the through port is the result of the pump being transmitted directly through the bus waveguide without coupling into the microring. The strong pump line at the through port is explained by several factors: (1) the input bus is somewhat under-coupled; (2) power transfer into 978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America the comb aggravates the under-coupling condition [8] ; (3) soliton formation is accompanied by strong red-detuning from the thermally-shifted resonance [1, 2] . Table 1 shows the measured optical power in the waveguides as well as the corresponding intracavity power. The powers in the waveguides are estimated by using the optical spectra, assigning half of the fiber-to-fiber loss to each of the output and input facets. By total comb power we mean the power integrated over all of the comb lines except for the pump line. The intracavity powers in Table 1 are estimated by dividing the drop-port powers by the drop-port coupling coefficient (1.6×10 -5 ). Due to the large pump power which passes to the through port, the overall efficiency of the generated comb is low (≈ 0.5%). However, we observe, for the first time to our knowledge, that the intracavity field shows efficient (≈75%) power transfer from the pump to the comb in the single soliton regime.
To investigate the time-domain waveform inside the cavity, we perform intensity autocorrelation based on second harmonic generation with a noncollinear geometry. The pump and comb lines emerging from the drop port in the range 1535-1575 nm are boosted via EDFAs, but otherwise the spectrum is not modified, Fig. 3(a) . Fig. 3(b) shows measured (blue line) and calculated (green line, assuming constant spectral phase) intensity autocorrelation traces based on the comb spectrum in Fig. 3(a) . The dashed-dark line indicates the corresponding CW background calculated from the intracavity pump alone. Clearly, a single, bright pulse close to a bandwidth-limited pulse is observed with a weak CW background <5% compared to the soliton peak power; this time-domain waveform is similar to the single soliton generation previously observed in both crystalline microresonators [1] and photonic chip-based microresonators [2, 5, 6] . However, unlike characterization in a through-port geometry, the strong overlapping pump is absent and the intracavity CW background can be identified. This mode-locked behavior also suggests that the phase of the pump line is close to that of the comb. Further experiments, in which the phase of the pump is adjusted relative to the rest of the comb, will be discussed in our experiment. Our results provide evidence that the pump is nearly but not perfectly in phase with the comb, with a small phase shift of order ≈0.5 rad. In conclusion, we characterize anomalous dispersion combs with single soliton formation at the drop port of a silicon nitride microresonator. Unlike the typical through-port experiments with a very strong overlapping pump field, here we are able to provide further information about the comb spectrum, power transfer, and time-domain waveform directly in the cavity. The intracavity field shows efficient (≈75%) power transfer from the pump to the comb. The intracavity field is a close to a bandwidth-limited bright pulse with a weak CW background.
